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ABSTRACT 
An angle measuring device using a high performance and very compact accelerometer provides a 
new and exciting method for producing highly compact and accurate angle measuring devices. 
Accelerometers are micro-machined and are able to measure acceleration to a very high accuracy. 
By using gravity as a reference these compact devices can also be used for measuring angles of 
rotation. The inherent problem with these devices is that their response characteristic changes 
with temperature which is detrimental to measurement accuracy. This paper describes an effective 
method to overcome this problem using a temperature sensor and intelligent software to 
compensate for this drift characteristic. In order to demonstrate the effectiveness of this work, 
experimcnts have been developed and condu cted with the results and analysis provided at the end 
of this paper for discussion. 
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1. INTRODUCTION 
Measuring angle of rotation using gravity as a reference requires a very precise sensor that ideally has a 
low response time for high performance angle measurement. For commercial applications, cost analysis of 
the final product makes a large impact on the selection of the final products used in the system. In large 
quantity production, s111all savings can amount to large profits in the long term. There are various sensors 
available for angle measurement and for accurate angle measurement down to 0.1 ° for a complete 360° 
measuring range a dual-axis accelerometer is an ideal sensor. These sensor s are very cost competitive, 
making an ideal selection for a commercial product in this application. Analog Devices manufacture 
accelerometers which are suitable for angle measurement. One of their suitable products incorporates a 
dual-axis sensor on the same silicon die which enables high accuracy angle measurement in a very small 
package. 
One of the problems associated with this sensor is that the output drifts with change in temperature. To 
overcome this problem, a microcontroller based system is used so that software can calibrate the system and 
automatically compensate for the temperature drift over the operational temperature range. This reduces 
system cost for more expensive sensors and still achieves the same accuracy by using embedded software 
within the system to compensate for the temperature error. 
The aim of this work is to keep the commercial cost of the system low, while still maintaining high 
accuracy readout of angle. Using a microcontroller based approach, the system coupled with a temperature 
sensor enables the accelerometer response against temperature to be stored in memory, and used as an 
offset during normal operation to remove the inherent temperature error within the accelerometer. The 
response of the accelerometer must be calibrated for each individual unit, as each accelerometer has a 
unique temperature vs. output characteristic that must be stored to achieve the required accuracy of ±0.05° 
The system uses an 8bit microcontroller that measures both the acceleration on both axis, md the 
current temperature of the accelerometer, and then calculates the angle based on this information. By using 
a software based approach a linear offset can be stored in memory which is advantageous against discrete 
circuit options to remove the temperature error. This reduces the error of discrete based approaches to 
further increase the accuracy of the system which is ideal to achieve the required accuracy of ±0.05° with a 
repeatability of ±O.l 0°. 
In section 2, the temperature sensor characteristics are described and the different methods that can be 
used to reduce the errors associated with the temperature drift of the accelerometer; section 3 outlines the 
microcontroller based approach that was used to reduce the accelerometer temperature drift errors; and in 
section 4 the results are reported and conclusions are drawn on the microcontroller based system. 
2. TEMPERATURE EFFECTS 
Accelerometers produccd using micro machined technology suffer from zero bias drift due to 
temperature changc [I, 2]. This propcrty of the scnsor affects the overall accuracy of thc dcvice which can 
lead to crrors in angle measurement. 
Figure I shows a random sample of sensors and the drift characteristics of these sensors. The figure 
shows how each sensor has its own drift characteristics that require each scnsor to be individually calibrated 
to achicvc the highcst accuracy without errors in anglc mcasurement due to temperature drift. 
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Figure I ~ A l1aIog Devices specification of drift between parts [I} 
Thc sensor was placed within a controlled environment to detcrmine the relationship oftemperature vs. 
acceleration output. The controlled environment was kept within ±2°e and a laser temperature unit was 
used to measure the sensor temperature within clO.5°C. The environment was then changed from 200 e to 
400 e as this is the expected range that thc final product will opcrate within. 
This relatively small drift in acceleration measuremcnt has an adverse effect on the response of the 
angle measuring device. Based on the samples an error of 0.1 mg is common and as our reference for this 
system is gravity (I g) this has an overall error of 0.1 % change per 0c. O.lmg also equates to an error of 
0.05 0 of angle inaccuracy. Over the deviccs expected operation temperature this is an error of 1.000 for only 
a 200 e change in environment conditions. 
Various methods can be used to compensate for this temperature drift. Discrete dedicated components 
can be used to offset this drift but accuracy is compromised due to individualistic response of each sensor. 
Another solution is to use a small processor which is dedicated to correcting this drift using a temperature 
sensor. The later approach although more accurate introduces more cost due to an additional processor 
required. 
3. CURRENT ARCHITECTURE DESIGN 
The current architecture of the angle measuring device uses an 8-bit microcontroller, dual-axis 
accelerometer and a temperature sensor. The microcontroller performs all the required calculations while 
also providing a cost competitive processor for such a product. By adding just the temperature sensor to the 
existing microcontroller & accelerometer implementation allowed easy integration of temperature 
compensation while minimising system cost. 
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Figure 2 - Block diagram a/systelll 
The system uses an 8-bit microcontroller that mcasures both the acceleration on both axes of the dual-
axes accelerometer and the current temperature of the accelerometer by way of the temperature sensor and 
then calculates the angle based on this information, Figure 2 The force placed on the accelerometer by 
gravity is used as the reference and also required for the initial calibration to reset the angle mcasuring 
device back to 0.0 degrees (as each acceleromcter has its own uniquc zcro point). 
4. ACCELEROMETER MEASUREMENT 
For accurate angle measurement a micro-controllcr based approach is recommended when using the 
dual-axis acceleromcter [3,4]. This allows the acceleration to be measured digitally, reducing errors due to 
noise that can be a problem with analogue approaches. With temperature change affecting this acceleration 
measurement the microcontroller must also compensate for this error to provide a reliable and repeatable 
angle measurement at all temperatures that the circuit is rated. 
Using the examples provided to rcduce the accclerometers drift with temperature [5,6] are effective but 
do not allow full compensation of the inherit temperature drift. By incorporating the temperature 
compensation algorithm within the available processor calculating the angle and using an additional 
temperature sensor this simplifics implementation of a software based solution. Using the microcontroller 
enables the algorithm to calculate the temperature response of the sensor using a calibration process and 
store this to allow a constantly updated offset based on the temperature of the accelerometer. 
The temperature sensor that was selected has a linear response. This was required to reduce the 
complexity of the software; with a non-linear sensor, more data points would be required to achieve the 
same accuracy throughout the temperature range. As the memory capacity is limited in the microcontrolier 
this had to be taken into account when selecting an appropriate temperature sensor. 
Integration of the new algorithm into current software to compensate for temperature change would 
rcquire significant changes to integrate this feature into the following areas: 
.. Calibration 
.. Angle Offset 
.. Memory Allocation 
Also there was only a single analogue to digital convcrter available that had to be shared with the 
battery voltage monitor function. This required time-sharing of the AID converter within the 
microprocessor. Due to the complexity of the existing software there was limited memory and processor 
capacity available for implcmcntation of such a new function. The new temperature compensation featur c 
had to be both effective but also only include what was strictly required; any additional accuracy or other 
such benefits had to be removed to give a bare-bones feature that met only requirements as luxury items 
could not be implemented with such memory limits. 
5. INNOVATIVE SOFTWARE IMPROVEMENTS 
Dedicated hardware adds complexity to thc angle measuring device which is not wanted so another 
approach that uses only a single additional component was preferred; a highly accurate surface mount 
temperature sensor. 
The approach of the temperature compensation software had to filter the sensor output so that a stable 
offset would be available, calibrate the sensor characteristic as this varies between units and apply this 
offset to the angle measurement continually. 
The microprocessor control loop that processes the angle information is already at 90% of the total 
processor capacity to keep within the calculation time period required. This processing limitation requires 
careful selection ofthc filter to be used and how the final processing offsets are applied. 
To reduce processing overhead an 8-cell moving average filter was chosen to provide a smooth 
temperature reference. This is an extremely efficient filter and as the cells are updated every lOOmS the 
control loop re-calculates the temperature reference every 250mS. Figure 3 shows the FILa (First In Last 
Out) structure that is used to store the last 8 measurements taken from the temperature sensor. These cells 
are avcraged each step to provide the filtered temperature measurement. 
New temperature scnsor 
reading each step 
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Figure 3 - 8-cellll1ovil1g averagefiltcr 
This provides the proccssor with a smoothed temperature output that is used to offset the angle 
measurement. Program Code / shows a code extract of measuring the temperature value prior to placing 
into the filter cell array. 
As each accelerometer has an individual response characteristic to temperature change that must be 
adjusted per angle measuring device as a standard offset in software will not be accurate. This is done by 
taking two measurements of the angle calculated at 0° at ambient and 10°C different from ambient. The 
processor thcn calculates the temperature response (gradient) of the accelerometer and stores this in 
permanent mcmory. This formula can then be applied at any temperature (due to the linear response of the 
accelerometer). By calibrating this temperature response on an individual unit basis this also compensates 
for othcr devices in the circuit that affect the accuracy of the angle measuring device as a whole. 
void TempValueMeasure(void) 
{ 
1* store the previous result for filtering *1 
temp_prev= temp_value; 
1* retrieve conversion from ADC*I 
1* must read low byte first *1 
temp_valueJowbytc=ADCL; 
temp_value Jlighbyte=ADCH; 
1* trigger ncw AID conversion */ 
ADCSR I=ADSC_B; 
1* no need to poll this bit *1 
1* tempcrature niter (8 componcnts) *1 
if(offsct_cnt==7) 
{ 
1* must reset for wrap-around *1 
display _oiTsct_ cnt=O; 
} 
else 
1* next index position *1 
display _ o fIset_ cnt++; 
I 
I 
1* calc ncw fjltered value *1 
temp _fi Itd=avg(temp _ valuc,temp _prev); 
Program Code 1 - 8-cellfilter examplc 
6. EXPERIMENTAL RESULTS 
To keep results consistent when testing both current and new approaches to angle measurement a 
temperature controlled oven was used when changing the environment. Also a calibrated bench to zero 
degrees (within ±0.05°) to test the repeatability was mounted outside the oven to reliably determine 
accuracy of both standard and modified devices. 
Standard angle measuring devices were taken from a sample to determine their response as the 
temperature was changed from 200 e to 40°C. Figure 4 shows the response (triangle and circle markers) of 
2 standard measuring devices and the drift response due to the surrounding temperature change. These two 
devices drift over 0.8° which is very high when trying to achieve an accuracy of at least ±0.1 0°. 
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Figure 4 - Diamond marker shows temperature compensated system 
Using an angle measuring device that includes the new temperature sensor and software algorithm to 
improve the response due to temperature change all three devices were subjected to the same chamber to 
determine improvements over using an accelerometer that has not been compensated. As can be seen fi'om 
Figure 3, the diamond marker line shows the low drift characteristic of this new temperature compensated 
angle measuring device. 
This was also tested over an extended period holding each temperature for 1 hour (due to the device 
being battery powered a power supply was used for this test) and measuring the angle displayed with the 
device placed at 0.0° (known reference zero). Figure 5 shows the increased accuracy with an angle 
deviation of 0.10° using the temperature compensated device. 
The accuracy of this device depends on the temperature calibration performed which has a large affect 
on the final accuracy. This calibration requires an even and accurate temperature of both the accelerometer 
on the angle measuring device and the temperature sensor otherwise errors will occur. To improve this 
uniformity within the device both the accclerometer and the temperature sensor were coated to the circuit 
board with a thermally conductive but insulating compound (and covered with a protective epoxy resin) to 
keep the temperature between these components uniform. It was found that a drift would occur and a 
rapidly changing temperature environment due to the thermal mass differcnce between the accelerometer 
and its placement on the circuit board compared to the temperature sensor. Using this compound reduced 
the difference from ±5°e to ± I °e and improves the error from 0.25° to 0.05°. 
7. CONCLUSION 
Using a microcontroller based system with an active temperature compensation solution the drift 
normally associated with accelerometer measurement can be kept to a minimum. This approach also 
reduces the cost of the system which is large factor when considering components for high volume 
production in a commercial application. For the non-temperature compensated system, the actual angle 
difference over the entire tested temperature range was from 0.39° to 1.35° (0.96°). 
0.6 
0.5 
0.4 
-'" 
0.3 
01 
" « 0.2 
0.1 
0 
-0.1 
Temperature 
Figllre 5 ~ Extel1ded response test, diamond marker: temperatllre compensated device. 
For the temperature compensated system, the actual angle difference over the entire temperature range 
was from 0.16° to 0.03° (0.13°). This is an improvement from an error of 3.5% down to 0.47% error in 
angle measured. These results show the improvement over a standard non-temperature compensated system 
and how a low-cost accelerometer can be used to achieve high accuracy angle measurement. 
Using the thermally conductive compound and protective epoxy resin to insulate and keep the 
temperature uniform across the angle measuring device also improved the response of the system and kept 
errors which are introduced by using the additional temperature sensor to a minimum. The only 
disadvantage to this approach is the additional cost and adde d step required in production to add these 
compounds to the angle measuring device. 
Improvements could be made to this method by using a floating-point calculation to characterise the 
temperature characteristic. This is better solution than the current fixed-point approximation that has been 
outlined within this paper. This does require more memory and processing capacity that was not available 
for this solution. With such an approach this would enable the system to achieve an accuracy of ±0.05°. In 
addition to the hardware requirements, the angle measuring device software would also require to be 
modified heavily to integrate the floating-point temperature compensation. Using the experiments outlined 
within this paper would enable a direct comparison of any further improvements of this type of device. 
This microcontroller based system with an active temperature compensation solution greatly improves 
the overall system accuracy to a Icvel that will be accepted in a commercial application and adds relatively 
littlc additional cost to (he production cost and also minimal impact to the compact size with only the 
surfacc mount temperature sensor required. 
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